We utilize two-color two-dimensional infrared spectroscopy to measure the intermolecular coupling between azide ions and their surrounding water molecules in order to gain information about the nature of hydrogen bonding of water to ions. Our findings indicate that the main spectral contribution to the intermolecular cross-peak comes from population transfer between the asymmetric stretch vibration of azide and the OD-stretch vibration of D 2 O. The azide-bound D 2 O bleach/stimulated emission signal, which is spectrally much narrower than its linear absorption spectrum, shows that the experiment is selective to solvation shell water molecules for population times up to ∼500 fs. The waters around the ion are present in an electrostatically better defined environment. Afterwards, ∼1 ps, the sample thermalizes and selectivity is lost. On the other hand, the excited state absorption signal of the azide-bound D 2 O is much broader. The asymmetry in spectral width between bleach/stimulated emission versus excited absorption has been observed in very much the same way for isotope-diluted ice Ih, where it has been attributed to the anharmonicity of the OD potential.
I. INTRODUCTION
Due to its biological importance and presence of physical anomalies, water is the most studied liquid to date. However, questions remain about the dynamical process of solvation and involvement of water as a solvent in chemical processes. 1 What is of particular interest is dynamical and structural information on how water in a solvation shell rearranges, exchanges with bulk liquid and forms and breaks hydrogen bonds with the solute and bulk. This would shed light on how water is directly involved in progression of a chemical reaction or a biological process. [2] [3] [4] Currently, the dominant picture of water reorientation in both bulk and around hydrophobic solutes is the jump mechanism put forward by Laage and Hynes. 5, 6 In this perspective, water reorients via large angular jumps, exchanging hydrogen bond partners in a concerted manner. In solutions, the slightly slower reorientation of solvation shell waters in comparison to bulk water is attributed to an excluded volume effect. Recently, the jump mechanism has also been experimentally validated for ionic solutions via polarisation-selective two-dimensional infrared (2D-IR) spectroscopy. 7 This contrasts with the "dynamical iceberg" theory, as presented by Rezus and Bakker. 8 There, with the aid of infrared pump-probe spectroscopy, the authors observe a significant (almost an order of magnitude) slow down of solvation shell water reorientation times in highly concentrated solutions, as compared to bulk water. The "dynamical iceberg" term was coined since the solvation shell structure is bulk water-like, however, the extent of dynamical retardation resembles that of ice. a) Electronic mail: phamm@pci.uzh.ch.
In the above mentioned experiments, time-resolved vibrational spectroscopy has proven to be an essential tool in observing ultrafast motions of molecules, including bulk water dynamics or solute-solvent interactions. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] This is since the hydroxyl stretch has been directly associated with hydrogen bonding strength and thus providing a means to observe the bond strength between the ion and water. [21] [22] [23] Therefore, it is a suitable "sensor" for any rearrangement within the ion's solvation shell.
Here, we measure the coupling of a molecular ion to water molecules directly hydrogen bonded to the ion to probe the solvent's response upon excitation. To that end, we utilize two-color 2D-IR spectroscopy in which excitation of asymmetric stretch of azide (N − 3 ) is followed by probing in the ODstretch frequency range. This very idea has been put forward in a recent paper by Zheng and co-workers, 16 where neat D 2 O and HOD/H 2 O solutions of KSeCN have been investigated using high-power two-color 2D-IR spectroscopy. However, in the Appendix, we show that their experiments measure the intramolecular coupling with a combination band of SeCN − , which has an accidental degeneracy with the OD-stretch vibration.
We nevertheless find the idea of Ref. 16 extremely intriguing, as it opens the possibility of designing extremely selective spectroscopy in higher order pulse sequences such as 3D-IR spectroscopy [24] [25] [26] by passing on coherences and/or populations from one molecule to another, similar to heteronuclear NMR. One experiment we have in mind is to transfer excitation from a molecular ion to solvation water by means of a first frequency dimension in a 3D-IR spectrum, and then measure effectively a 2D-IR spectrum of those water molecules in a selective manner that solvate the ion (this idea has been first formulated by Martin Zanni in Ref. 27 ). We therefore set out to search for an alternative to SeCN − that does not suffer from the same problem. The closest analogue would be SCN − with the combination bands well outside of the OD-stretch absorption region. However, we observed that the much lower oscillator strength in comparison to azide was not enough to measure intermolecular coupling with water using our setup. With N − 3 , we found such a molecular ion that not only does not have interfering combination bands in the spectral region of interest, but also its high extinction coefficient of the asymmetric stretch vibration was advantageous for the studies undertaken.
II. MATERIALS AND METHODS
A commercial Ti:sapphire oscillator and chirped pulse amplifier delivered ultrafast 800 nm pulses of energy 1 mJ at 1 kHz repetition rate. Two homebuilt optical parametric amplifiers (OPA's) 28 were used to generate 2-2.7 μJ tunable compressed mid-IR pulses of 300 cm −1 bandwidth and ∼65 fs duration each.
The 2D-IR spectra were collected using a Fourier transform setup in pump-probe geometry 29 with direct phase measurement and a fast scanning routine for data acquisition. 30 In brief, a pump pulse from one OPA entered an interferometer where the beam was split and a delay between the two arms (coherence time t 1 ) was introduced and scanned over. A second delay, the population time t 2 , was introduced between the pump and probe pulses. Both beams were then overlapped in the sample and the probe beam was detected on a 32 pixel array MCT detector after dispersing it in a spectrograph. A Fourier transformation over the coherence time t 1 results in the pump frequency axis, ω pump , whereas the probe axis, ω probe , was detected directly. The pump frequency was centered at 2044 cm −1 and the probe at 2400 cm −1 . We used a closed volume sample cell with 1 M NaN 3 in D 2 O solution sandwiched between two CaF 2 windows. No spacer was used, and the sample film was squeezed so that the maximum absorbance in the N − 3 asymmetric stretch and the ODstretch regions did not exceed 0.3 OD. By observing interference fringes we align the two windows to be roughly parallel and thus guarantee a uniform sample thickness over the diameter of the laser beam. KSe 13 CN was synthesized by heating up K 13 CN with elementary selenium. All other chemicals were purchased from Sigma-Aldrich and used without further purification.
III. RESULTS

A. Linear spectra
Upon addition of high solute concentrations, the hydrogen bond network of water is perturbed and the changes are reflected in the OD-stretch absorption region. drophilic solute, the water molecules are present in a more defined configuration in comparison to the bulk and thus sample over a smaller frequency range. The blue shift in maximum absorption has been assigned to a signature of broken hydrogen bonds. 31, 32 However, there is no splitting in the hydroxyl stretch region, as it is observed in perchlorate or pseudohalide ion solutions, 7, 16 where it is thought that solvation and bulk waters have such distinct vibrational frequencies that the ODstretch band is separated into two peaks. In the case of N − 3 , no such distinction between bulk and solvation waters can be made by linear absorption spectroscopy.
B. 2D-IR spectra
2D-IR spectra always come as pairs of peaks with opposite signs, as indicated by the color code in Fig. 2 : blue -bleach and/or stimulated emission, red -excited state absorption. If the same oscillator is pumped and probed after a certain population time t 2 , one speaks of diagonal peaks and if coupling between two vibrations at different frequencies is observed, one speaks of cross-peaks. The present experiment is a two-color 2D-IR experiment with pump and probe pulse not spectrally overlapping, so the signal shown in Fig. 2 represents an intermolecular cross-peak between the asymmetric stretch vibration of N − 3 and the OD-stretch vibration of D 2 O. The signal evolves in time from t 2 = 300 fs to t 2 = 1200 fs both in terms of the signal intensity as well as in terms of the width of the peaks. Initially, a weak bleach/stimulated emission signal is present (blue peak in Fig. 2 ), coinciding with maximum linear absorption in the OD-stretch region, as marked by the blue dashed line in Figs. 1 and 2. This bleach is spectrally narrow (<130 cm −1 full width at half maximum (FWHM)) in comparison to the linear absorption spectrum of the OD-stretch vibration (300 cm −1 FWHM). The bleach contribution broadens, gains intensity (compare spectra at t 2 = 300 and t 2 = 400 fs), and, after ∼1 ps, becomes the main spectral contribution. The excited state absorption (red peak in Fig. 2 ) is exceptionally broad (>250 cm O at population times t 2 = 300, 400, and 1200 fs. Initially, a rather narrow and weak bleach/stimulated emission signal is observed (blue band), whose frequency coincides with the maximum of the linear absorption spectrum (blue dashed line, as in Fig. 1 ). Furthermore, a much broader excited state absorption signals is observed (red band). The bleach contribution grows in time, while the excited state absorption peak decays. After ∼1 ps, thermalization dominates in the form of a strong and wide bleach contribution.
contribution, the excited state absorption peak initially has a plateau but then steadily decays with time (Fig. 4) .
To discriminate inter-from intramolecular couplings (as it is the case for SeCN − in D 2 O, see the Appendix), we performed the experiment for N Figure 3 shows a 1D cut from the corresponding 2D-IR spectra, with no detectable signal in the H 2 O case. Thus we can confirm that the measured cross-peak is in fact of intermolecular coupling between the N − 3 and D 2 O. We would like to add that with our current signal-tonoise level, we were not able to measure any cross-peak in a HDO:H 2 O mixture for a low enough deuteration level, for which one would get mostly HOD with only negligible ad-
IV. DISCUSSION
To analyze the origin of the two cross-peak contributions, we will first concentrate on the 2D-IR spectrum at t 2 = 400 fs. In the following, two possible mechanisms giving rise to a cross-peak will be discussed -direct coupling and population transfer 33 -and we will argue that the second mechanism dominates in the present case. Direct coupling can be described by the following expression for the energies of vibrational eigenstates, which can be calculated from an anharmonic perturbative treatment of the potential energy
Relative 2D-IR signal surface,
(1) Here, ω i are the harmonic frequencies, x ij the anharmonic constants, and n i the number of vibrational quanta deposited in mode i. In a local mode representation, a simple model leading to the above expression is the exciton Hamiltonian with a coupling term β and local-mode anharmonicity i ,
(2) Diagonalization of that Hamiltonian gives the eigenstates in Eq. (1).
In a 2D-IR spectrum, the anharmonic constants x ij are directly related to the separation between the doublet of bands with opposite signs. 27 That is illustrated in Fig. 5 , which schematically shows the energy level scheme of two oscillators. States are labeled as |n 1 n 2 , where n 1 is the number of vibrational quanta deposited on the asymmetric stretch vibration of N − 3 and n 2 is the number of quanta deposited on the OD-stretch vibration. By the choice of the pump pulse frequency, we excite the |10 state selectively. The probe pulse may then excite the system further into the |11 state by depositing an additional quantum into the OD-stretch vibration of D 2 O. If both states were directly coupled, the frequency of the |10 → |11 transition would differ from that of a direct excitation of one quantum of the OD-stretch vibration |00 → |01 by the corresponding anharmonic constant x 12 . As the separation of the two peaks is large (≈200 cm −1 , see Fig. 2 ), this anharmonic constant would also have to be large.
Depending on the size of the coupling constant β, weak (β |¯ω 2 −¯ω 1 |) and strong (β |¯ω 2 −¯ω 1 |) coupling limits are usually discussed. 27 Playing with the parameters in Eq. (2), one can easily verify that in the weak coupling limit it is impossible to create such a large off-diagonal anharmonicity of ≈200 cm −1 . On the other hand, if the coupling between N − 3 and D 2 O molecules would be strong, then there should be a significant shift of the N − 3 asymmetric stretch vibration when changing from D 2 O to H 2 O, which is however not observed.
We therefore conclude that direct coupling plays only a minor role, and that it is population (energy) transfer which gives rise to the experimentally observed cross-peak. Population transfer is indicated by the dotted black arrows in Fig. 5 . In the present case, population transfer is an uphill process with a relatively unfavorable maximum probability p OD for exciting the OD excited state, for which we can give an upper limit determined by the energy gap between two transitions,
Alternatively, the sample will relax back into the ground state with rate T 1 with the excess energy being deposited as heat.
Due to low population transfer yield, heating effects will play a significant role in the measured 2D-IR spectra, which will be discussed further down in this section. Figure 4 shows the time dependence of the 1-2 excited state absorption, that serves as a measure of the population of the D 2 O excited state. The intensity of that band rises very quickly and is essentially fully established already after 250 fs (i.e., the earliest population time for which artifacts from the pulse overlap are sufficiently small). At a first sight, this result is very counter-intuitive since typical population transfer times between vibrations are many picoseconds In the direct coupling case, the probe pulse moves the excitation up to the |11 state. In the case of population transfer, the oscillation moves from the |10 to the |01 state and the probe pulse induces further absorption into the |02 state.
up to hundreds of picoseconds. 13, [35] [36] [37] However, the time it takes to establish a quasi-equilibrium of population and depopulation of the D 2 O excited state is dictated by the fastest rate in the level scheme of Fig. 5 , which is the T 1 relaxation rate of water. It was measured to be 200 fs for bulk H 2 O fs, 14 350-400 fs for bulk D 2 O, 38, 39 and we assume that it is equally fast for water that is hydrogen bonded to N − 3 . To quantify the result to a certain extent, we fit the data in Fig. 4 with the following function:
and obtain for the two time constants τ 1 =150 fs and τ 2 =1.7 ps. We take these fit values with a lot of caution, since they originate from de facto an extrapolation, in particular for τ 1 (by the choice of the fit function, we had forced the population to be zero at t = 0 and for t → ∞). Modeling the rate equation scheme of , while the faster time-constant τ 1 comes out somewhat too fast. The difference might be attributed to the additional decay channel k −T , which, since it is down hill, might be quite fast as well. However, given the uncertainty in the determination of the fast time constant in the fit, we cannot quantify the contribution of the transfer rate.
As population transfer from the N − 3 asymmetric stretch vibration, |10 , to the OD-stretch vibration, |01 , takes place, we expect to see a signal that is the same as if we had pumped that state directly. What counts now for the 2D-IR response is the diagonal anharmonicity x 22 (an no longer the off-diagonal anharmonicity x 12 ), which is known to be large for hydrogen bonded OD vibrators. In other words, if integrating out the ion's ω pump frequency, the measured cross-peak can be thought of as a 1D pump-probe response of those water molecules that couple to the ion, i.e., of selectively the solvation water molecules. Worth noting at this point is the lack of a tilt of the cross-peak. Though both azide 12 and water 14 absorption bands are each inhomogeneously broadened, the cross-peak shows no correlation between them. Thus, integrating out the ω pump axis does not lead to any loss of information. Two features in that pump-probe signal are worth discussing. First, the bleach/stimulated emission signal is spectrally much narrower than the 1D absorption spectrum of D 2 O. The broad bandwidth of the D 2 O absorption spectrum reflects the very heterogenous hydrogen environments the various water molecules experience in bulk water, and in addition the splitting between symmetric and asymmetric stretch vibration. Part of the narrowing in the azide-D 2 O cross-peak could be due to breaking of the symmetry of the coupled water molecule, i.e., a localization of the vibration, in which case the splitting between symmetric and asymmetric stretch vibration might diminish or disappear. However, the bandwidth of the cross-peak (130 cm −1 ) is still less than that of the fully symmetry-broken vibration in HOD (170 cm −1 , data not shown), so localization cannot explain all of the narrowing. The narrow bandwidth of the cross-peak qualitatively matches predictions based on molecular dynamics simulations for the frequency distribution of OD's donating hydrogen bonds to large anions, such as I −41 and perchlorate, 7 therefore suggests that coupling occurs only to the subset of water molecules in the first solvation shell. The red shift of a hydrogen bond is essentially a measure of the local electric field at the OH bond. 6, 41, 42 We therefore conclude from the narrower linewidth of the 2D-IR bleach/stimulated emission signal that the water around the ion sit in an electrostatically better defined environment. On the other hand, the central frequency of the bleach/stimulated emission signal is about in the middle of the D 2 O band, so in average, both types of hydrogen bonds are equally strong. In connection with molecular dynamics (MD) simulations along the lines of Refs. 43 and 44, one will be able to study to what extent the narrower linewidth reflects the distribution of structures of N − 3 −D 2 O hydrogen bonds, that appears to be smaller than that of inter-water hydrogen bonds in bulk water. Note that this spectroscopy is selective to those water molecules that are directly hydrogen bonded to azide. One may therefore see a narrower linewidth despite the fact that overall speaking, addition of salt may increase the structural inhomogeneity, as manifested, for example, by a broader linewidth of HDO:D 2 O for certain salt solutions. 45 The second striking feature is the unusual, much broader excited state absorption peak which has been observed before also in 2D-IR spectra of isotope diluted water. It is present in liquid water, 46 but much more pronounced in isotope-diluted ice Ih due to the smaller amount of disorder. [47] [48] [49] [50] This feature, appearing in both OD-and OH-stretch vibrations of HOD/H 2 O and HOD/D 2 O mixtures of ice, respectively, 47 has been explained using a non-adiabatic treatment of the Lippincott-Schröder model 51 which is a one-dimensional model of a hydrogen bond and which seems to capture essential attributes of 1D-and 2D-IR spectra of hydrogen bonded species quite well. In ice Ih, the origin of the exceptional asymmetry in the width of the two 2D-IR peaks is the quantum-mechanical delocalization of the vibrational wavefunction in the R O···O direction. This causes the large distribution of O···O distances and thus Franck-Condon like transitions in a wide range of frequencies. Consequently, the spectral width of the excited state absorption peak is a measure of the anharmonicity of the hydrogen bond potential that appears to be similar for both types of hydrogen bonds, despite the fact that the vibration in D 2 O bound to azide might still be delocalized to a certain extent.
Due to the energy gap between the N − 3 and the OD-stretch vibrations, population transfer is a low probability process and thus most of the excited N − 3 ions will relax back to the ground state by T 1 -relaxation, see Fig. 5 . On the one hand, the low probability results in the relatively weak cross-peak signal strength we observe. On the other hand, energy redistribution into the bulk solution will eventually heat it up, resulting in a frequency blue shift of all water molecules due to an overall weakening of the inter-water hydrogen bonds [52] [53] [54] [55] [56] and consequently an increase of intensity of the blue band associated with ground state processes in the 2D-IR spectra. With the relaxation time of N − 3 being T 1 = 2.4 ps, 40 one would not expect the heating effects to emerge as early as less than 1 ps in diagonal 2D-IR spectra. Nonetheless, because of the low probability of population transfer, the weak cross-peak will be very quickly affected by even minor heating contributions and appear relative early in the spectra. At later population times, the bleach signal does not only gain intensity, but also broadens to reflect the linear OD-stretch absorption spectrum which is a manifestation of thermalization of the whole solution and thus a loss of solvation shell selectivity. In addition, energy transfer by exciton coupling, which is very efficient in neat water, 14, 57 will lead to a loss of selectivity.
V. SUMMARY AND CONCLUSIONS
In this work, we have presented two-color 2D-IR spectra of 1 M N − 3 solutions in neat D 2 O. We find a cross-peak between the asymmetric stretch vibration of N − 3 and the ODstretch vibration. The mechanism giving rise to this crosspeak is not direct coupling, but rather population transfer from N − 3 to D 2 O. Population transfer is energetically uphill in this case with a maximum yield determined by a Boltzmann factor of ≈8%.
Population transfer process allows us to treat the 2D-IR spectra as a 1D pump-probe signal of solvation shell waters. The spectrally narrow bleach is a result of selectivity of the coupling to the solvation shell only and thus the 2D-IR spectra exhibit the frequency distribution of solvation shell waters. The distribution of hydrogen bonds of solvation water molecules to the ion is narrower than that of inter-water hydrogen bonds in bulk water, but in average the hydrogen bonds are equally strong. In connection with MD simulations, it will be interesting to see how these observations can be related to structural properties of these hydrogen bonds. Furthermore, a pronounced asymmetry in spectral width of excited state absorption and the bleach signal is found, very much like in isotope diluted ice Ih. 47 In ice Ih, this asymmetry has been attributed to anharmonic coupling of the OD vibration to the hydrogen bond vibration. 47 We therefore conclude that the hydrogen bond potentials between the N − 3 and a D 2 O molecule have similar anharmonic properties as in ice Ih.
To sum up, two-color 2D-IR spectroscopy reveals a very detailed picture of the structure of water-solute hydrogen bonds. It will be interesting to extend this work to 3D-IR spectroscopy. Just like the present experiment results in effectively a 1D pump-probe response of solvation water in a selective manner, a 3D-IR spectrum, in which the first frequency dimension labels the N − 3 stretch vibration and the second and third frequency dimensions the D 2 O stretch vibration, would effectively be a selective 2D-IR spectrum, that would allow one to resolve the inhomogeneity of these hydrogen bonds and their dynamics.
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